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USING TIME-OF-FLIGHT TECHNIQUES
FOR STEREOSCOPIC IMAGE PROCESSING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a 371 U.S. National Phase of PCT
International Patent Application No. PCT/EP2019/062353,

filed on May 14, 2019, which claims benefit and priority to
U.S. provisional patent application No. 62/671,175, filed on
May 14, 2018; the disclosures of which are each incorpo-
rated by reference herein in their entirety.

FIELD OF THE DISCLOSURE

This disclosure relates to 1mage processing, and 1n par-
ticular using time-oi-flight techniques for stereoscopic
1mage processing.

BACKGROUND

An 1mage can be considered a projection from a three-
dimensional (3D) scene onto a two-dimensional (2D) plane.
Although a 2D 1mage does not provide depth information, 1
two 1mages of the same scene are available from different
vantage points, the position (including the depth) of a 3D
point can be found using known techniques.

A stereoscopic 1mage (that includes two 1images from two
vantage points) enables an observer to perceive depth by
combining two oflset images (usually from two cameras
mounted side-by-side) of the same scene. Some stereoscopic
methods present the two oflset images separately to the left
eye and the right eye. The observer’s brain then combines
the 1mage from the right eye and the image from the left eye
to give perception that the observer 1s looking at a three-
dimensional 1mage.

Various techniques have been developed to obtain infor-
mation from a stereoscopic i1mage. For example, stereo
matching 1s a process 1n which two 1mages (a stereo 1mage
pair) ol a scene taken from slightly different vantage points
are matched to find disparities (differences in position) of
image elements which depict the same scene element. The
disparities provide information about the relative distance of
the scene elements from the camera. A stereo camera includ-
ing, for example, two 1mage capture devices separated from
one another by a known distance, which may be referred to
as the baseline distance, can be used to capture the stereo
1mage pair.

Stereoscopic imaging has many applications 1n the field of
computer vision. One mmportant application involves dis-
tance 1dentification for various surfaces/objects in an 1mage.
Distance 1dentification can be useful in many industries such
as robotics, autonomous vehicle building, virtual reality
applications, and others. Various challenges exist 1n this field
ol stereoscopic imaging. For example, identifying the same
surface 1n the two offset images can be a very resource and
time consuming process. In some 1nstances, it may be even
more diflicult m situations where there 1s not much texture
in the two i1mages to differentiate different surfaces. For
example, 1 the background of a specific 1mage includes a
white wall, presently-available algorithms may not be able
to match the specific parts of the images.

SUMMARY

The current disclosure describes a stereo 1maging system
that, 1n some 1nstances, addresses at least some of the
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2

problems mentioned above. The stereo 1maging system 1s
configured to use Time-of-Flight (*“To1”) techniques to aid 1n
stereoscopic 1mage processing (e.g., in depth map genera-
tion and/or disparity map generation). One process
described 1n this disclosure uses ToF to aid 1n 1identifying the
same elements (e.g., pixel clusters) in stereo 1image pairs. In
some 1mplementations, a stereo 1maging system may include
a lirst lens coupled to a first imaging sensor and a second
lens coupled to a second imaging sensor. Each lens 1is
operable to capture an 1mage from a diflerent point of view.
That 1s, the first lens/sensor combination captures the scene
from a first point of view and the second lens/sensor
combination captures the scene from a second point of view.
The two lens/sensor combinations may be positioned par-
allel to each other to form a stereoscopic camera. The stereo
imaging system also includes a time-of-tlight (*“ToF”") sensor
that can be used to measure estimated distances to objects n
a scene. The ToF sensor may also be part of the same
apparatus (e.g., a stereoscopic camera).

In some implementations, the stereo i1maging system
determines, using the echoes of signals from the ToF sensor,
estimated distances for a plurality of portions of the scene.
For example, the stereo 1imaging system may receive data
from the ToF sensor and determine based on the data that
certain objects are located 1n the scene and the estimated
distance for each of the objects.

The stereo 1maging system select a first cluster of pixels
from the first image. For example, the stereo 1maging system
can use techmques such as edge detection to select a cluster
of pixels (e.g., pixels of the same or substantially the same
color located next to each other). In some 1implementations,
the imaging system selects a pixel. And the calculation of the
shift distance are performed based on the selected pixel.
The stereo 1imaging system then 1dentifies, 1n the plurality
of estimated distances, an estimated distance corresponding
to the first cluster of pixels. For example, the stereo 1maging
system may map locations of the estimated distances cal-
culated based on ToF onto the first image. In some 1mple-
mentations, the stereo 1maging system maps the estimated
distances as follows. The stereo 1maging system receives,
from the ToF sensor, data corresponding to a plurality of
echoes resulting from one or more light emissions from the
light source, wherein the light emissions are reflected by one
or more objects within the scene and location data of the
plurality of echoes. The stereo 1maging system determines
based on the data, the estimated distances and a location of
cach estimated distance. For example, the stereo imaging
system stores a map of the captured data, the map includes
coordinates and distances for various parts of the scene. The
stereo 1maging system maps the estimated distances to
coordinates within the first image, and stores, 1n the memory,
a data structure including the estimated distances with
corresponding coordinates. For example, the each point
(e.g., set of coordinates) within the ToF map can be mapped
onto a coordinates on the first 1image. That 1s, a specific
horizontal and vertical coordinate calculated from the upper
left-hand cormner of the ToF sensor may be mapped to a
specific coordinate on the first 1mage.

In some 1mplementations, the ToF sensor has a smaller
resolution than the image sensors coupled with the lenses. In
those implementations, multiple coordinates within the first
image are mapped to one coordinate of the ToF sensor (e.g.,
ToF sensor point).

There stereo 1maging system calculates, based on the
estimated distance corresponding to the first cluster of
pixels, a shift distance between the first cluster of pixels in
the first image and a corresponding cluster of pixels 1n the
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second 1mage. For example, the stereo imaging system can
use a focal length, the base distance (between the lenses) and
the estimated distance to calculate the shift distance. That 1s,
the stereo 1maging system may retrieving a focal length of
the first lens (e.g., from the metadata of the 1mage), and a
distance between a center of the first lens and a center of the
second lens (e.g., from the camera 1itself or from the meta-
data of the image. The sterco 1maging system retrieves a
mathematical formula to calculate the shift distance based
on the focal length of the first lens, the distance between the
center of the first lens and the center of the second lens, and
the estimated distance. In some implementations, the stereo
imaging system performs this calculation for a specific pixel
or point on the first 1mage.

When the shift distance 1s determined, the stereo 1maging,
system locates, within the second 1mage, the corresponding
cluster of pixels based on the shift distance. For example, if
the calculation determines that the cluster of pixels 1s shifted
by ten pixels, the stereo imaging system, calculates the
position on the second 1image corresponding to the offset of
ten pixels and searching the area around the ofiset for the
matching cluster of pixels.

In some implementations the stereo 1maging system iden-
tifies, 1n the estimated distances, the estimated distance
corresponding to the first cluster of pixels by performing the
following actions. The stereo 1maging system retrieves a set
ol coordinates within the first image, the set of coordinates
corresponding to the first cluster of pixels. For example, the
stereo 1maging system may retrieve coordinates of a pixel
within the cluster of pixels. In some 1mplementations, the
stereo 1maging system retrieves coordinates of multiple
pixels. The stereo 1maging system identifies, a distance
corresponding to the set of coordinates by retrieving (e.g.,
from a data structure or a database) an estimated distance
corresponding to the set of coordinates. In implementations,
where multiple pixels are used, the stereo 1maging system
retrieves and estimated distance for each pixel. The esti-
mated distances for the pixels should be the same or close in
value.

In some implementations, the stereo 1maging system
locate, within the second 1image, the corresponding cluster of
pixels based on the shiit distance by performing the follow-
ing actions. The stereo 1maging system retrieves a size
associated with the first cluster of pixels. For example, the
cluster of pixels may be fifty pixels by twenty pixels. The
stereo 1maging system generating, for the second 1mage, a
search area based on the size of the first cluster of pixels and
the shift distance. For example, the stereo imaging system
may generate a search area of a size that 1s bigger than fifty
pixels by twenty pixels (e.g., two thousand pixels). There
stereo 1maging system identifies, in the second image, a
second cluster of pixels corresponding to the first cluster of
pixels. For example, the stereo 1maging system may search
the 1dentified area for that cluster.

In some implementations, the stereo 1maging system
generates a depth map or a disparity map based on the
matched clusters of pixels. To generate the depth map, the
stereo 1maging system repeats the matching process for
every cluster of pixels 1n the first 1mage.

In some implementations, the stereco i1maging system
includes a first camera coupled to a first ToF sensor. The first
camera 1s operable to capture a first image. The stereo
imaging system may include a second camera coupled to a
second ToF sensor. The second camera may be operable to
capture a second image. For example, the stereo imaging
system may include a left camera and a right camera for
capturing stereoscopic 1mage paitrs. EHach camera may
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include a ToF sensor. The stereo 1maging system may also
include control circuitry coupled to the first camera and the
second camera.

In some 1mplementations, in addition to capturing a
stereoscopic 1mage (€.g., a left image and a right image), the
stereo 1maging system collects distance measurements for
both 1mages. That 1s, the stereo 1maging system determines,
using signals from the first ToF sensor, a first set of estimated
distances for portions of the first image, and using signals
from the second ToF sensor, a second set of estimated
distances for portions of the second image.

In some implementations, the stereo i1maging system
detects the estimated distances as described below. The
stereo 1maging system may include a light source and a
memory. A respective ToF sensor coupled to each camera
(e.g., a first ToF sensor and a second ToF sensor) are
configured for estimating distance measurements. Because
these ToF sensors may not have as high of resolution as the
ToF sensors used to capture the left and right images
themselves, estimated distances for various portions of the
left and right 1images are captured. Thus, the stereo 1imaging
system divides the first image (and 1n some implementations
the second 1mage) into the multiple portions. These portions
may correspond to a number of pixels that the ToF sensor
can recerve data for.

The stereo 1maging system may use direct ToF techniques
or indirect ToF techniques to determine estimated distances.
With direct ToF, the stereo imaging system receives, with the
first ToF sensor, a first set of echoes resulting from one or
more light emissions from the light source. The light emis-
sions are reflected by one or more objects (or parts of
objects) within the multiple portions of the first image. The
stereo 1maging system determines, based on the set of
echoes, the first set of estimated distances for the portions of
the first image, and stores the first set of estimated distances
in the memory. For example, an image may include a table
that has parts close to the camera and also further away from
the camera. The stereo 1maging system may using ToF
techniques to determine an estimated distance of certain
parts of the table 1n the image.

The stereo 1imaging system continues with the process and
identifies corresponding pixel clusters 1n the two 1mages of
the stereoscopic 1image. The stereo 1maging system selects a
first cluster of pixels from the first image. For example, the
stereo 1maging system can use techniques such as edge
detection to select a cluster of pixels (e.g., pixels of the same
or substantially the same color located next to each other).

When the cluster of pixels 1s selected, the stereo 1imaging
system 1dentifies, 1n the first set of estimated distances, an
estimated distance corresponding to the first cluster of
pixels. For example, the stereo 1maging system may access
a data structure that stores estimated distances and retrieve
the estimated distance corresponding to the cluster of pixels.
The stereo 1maging system uses the identified estimated
distance to i1dentily parts of the second image that are
approximately the same distance away from the second
camera. That 1s, the stereo 1maging system identifies, based
on the second set of estimated distances, a subset of portions
of the second 1mage corresponding the 1dentified estimated
distance.

When the portions of the second 1mage are identified with
substantially the same estimated distances as the estimated
distance of the selected cluster of pixels, the stereo 1imaging
system needs to try matching the selected pixel cluster to
pixels located 1n those portions, without having to try
matching the pixels cluster of the whole image. That 1s the
stereo 1maging system identifies, within the subset, a second
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cluster of pixels from the second 1mage that matches the first
cluster of pixels from the first image. For example, 11 the
cluster of pixels 1s located at a specific estimated distance
from the camera, only pixel clusters in the second 1image that
are located at a substantially the same estimated distance are
compared when matching pixel clusters.

In some implementations, the stereo imaging system
identifies a subset of portions of the second image corre-
sponding the identified estimated distance by iterating
through estimated distances of the second 1mage to find the
appropriate parts. That 1s the stereo 1maging system retrieves
the estimated distance corresponding to the first cluster of
pixels and compares the estimated distance corresponding to
the first cluster of pixels with the estimated distances in the
second set of estimated distances. Based on the comparison,
the stereo 1maging system identifies one or more estimated
distances 1n the second set of estimated distances that match
the estimated distance corresponding to the first cluster of
pixels, and retrieves one or more portions associated with
the one or more estimated distances. For example, the
second 1mage may 1include fifty estimated distances for
various portions. The stereo 1maging system may compare
cach estimated distance with the estimated distance of the
selected cluster of pixels and select only the matching
estimated distances for further processing (1.e., for pixel
comparison).

In some implementations, the stereo 1maging system
calculates, based on a location of the first cluster of pixels 1n
the first image and a location of the second cluster of pixels
in the second 1mage, a distance to a surface represented by
the first cluster and the second cluster. For example, the
stereo 1maging system may use a disparity value between the
two pixel clusters together with focal length, baseline, and
pixel size to calculate the distance to surface (1.e., depth of
the object).

In some implementations, the stereo imaging system
stores the identified pixel clusters and their estimated dis-
tances 1n a data structure. That 1s, the stereo imaging system
stores, 1n a data structure, the distance and an identifier
associated with the cluster of pixels from the first 1image,
where the data structure maps distances to portions of a
particular image. In some implementations, the stereo 1mag-
ing system stores depth and/or distance maps. That 1s, the
stereo 1maging system identifies a set of clusters of pixels
within the first image, stores, in the data structure, a set of
distances and corresponding identifiers associated with the
set of distances, and generates a depth map based on data 1n
the data structure.

In some 1mplementations, a stereo 1maging system uses
ToF to aid 1n pixel cluster matching between two i1mages
when there 1s very little texture to the two 1mages. Lack of
texture in 1mages creates a problem where some i1maging,
systems are unable to match pixel clusters in the areas where
clusters look the same. In some implementations, a stereo
imaging system includes a first camera coupled to a first ToF
sensor and operable to capture a first image, and a second
camera coupled to a second ToF sensor operable to capture
a second 1mage. For example, the stereo imaging system
may include a left camera and a right camera for capturing
stereoscopic 1mage pairs. Fach camera may include a ToF
sensor. The stereo 1imaging system may also include control
circuitry coupled to the first camera and the second camera.

In some implementations, i addition to capturing a
stereoscopic 1mage (€.g., a left image and a right image), the
stereo 1maging system collects distance measurements for
both 1mages. That 1s, the stereo 1maging system determines,
using signals from the first ToF sensor, a first set of estimated
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6

distances for portions of the first image, and using signals
from the second ToF sensor, a second set of estimated
distances for portions of the second image.

In some 1mplementations, the stereo 1maging system
detects the estimated distances as described below. The
stereo 1maging system may include a light source and a
memory. A respective ToF sensor coupled with each camera
(e.g., a first ToF sensor and a second ToF sensor) are
configured for estimating distance measurements. Because
these ToF sensors may not have as high of resolution as the
ToF sensors used to capture the left and right images
themselves, estimated distances for various portions of the
left and right 1images are captured. Thus, the stereo 1imaging
system divides the first image (and 1n some implementations
the second 1mage) 1nto portions. These portions may corre-
spond to a number of pixels for which the ToF sensor can
receive data.

The stereo 1maging system may use direct ToF techniques
or indirect ToF techniques to determine estimated distances.
With direct ToF, the stereo imaging system receives, with the
first ToF sensor, a first set of echoes resulting from one or
more light emissions from the light source. The light emuis-
sions are reflected by one or more objects (or parts of
objects) within the portions of the first image. The stereo
imaging system determines, based on the set of echoes, the
first set of estimated distances for the portions of the first
image, and stores the first set of estimated distances in the
memory. For example, an image may include a table that has
parts close to the camera and also further away from the
camera. The stereo 1maging system may using ToF tech-
niques to determine an estimated distance of certain parts of
the table in the 1mage.

The stereo 1maging system continues with the process and
identifies corresponding pixel clusters in the two 1images of
the stereoscopic image. The stereo 1maging system selects a
first cluster of pixels from the first image. For example, the
stereo 1maging system can use techniques such as edge
detection to select a cluster of pixels (e.g., pixels of the same
or substantially the same color located next to each other).

The stereo 1maging system then searches, in the second
image, for pixels that match the selected first cluster of
pixels. For example, the stereo imaging system may perform
shape and color matching to i1dentify a matching cluster of
pixels 1 the second image. In some instances, the stereo
imaging system determines, based on the search, that the
first cluster of pixels matches multiple clusters of pixels 1n
the second image. For example, 1 an image includes a
person 1n front of a white wall, the stereo 1maging system
may 1dentily various pixel clusters on the white wall in the
second 1mage that match a selected cluster of pixels in the
first 1mage.

In response to determining that the first cluster of pixels
matches multiple clusters of pixels in the second 1mage, the
stereo 1maging system performs the following actions. The
stereo 1maging system selects, from the first set of estimated
distances, an estimated distance corresponding to the first
cluster of pixels. For example, the stereo imaging system
may access a data structure that stores estimated distances
and retrieve the estimated distance corresponding to the
cluster of pixels. The stereo 1imaging system uses the 1den-
tified estimated distance to identily parts of the second
image that are approximately the same distance away from
the second camera. That i1s, the stereo i1maging system
identifies, based on the second set of estimated distances, a
subset of portions of the second image corresponding the
identified estimated distance.
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The stereo 1maging system 1dentify, within the subset, a
second cluster of pixels from the second image that matches
the first cluster of pixels from the first image. For example,
the selected cluster of pixels from the first image may be
located at a specific estimated distance. If several clusters of
pixels from the second 1image match the selected cluster of
pixels, based on the estimated distances, the stereo imaging,
system may eliminate the matching clusters of pixels from
that second image with estimated distances that do not
match the selected cluster of pixels from the first image.

In some implementations, the stereco imaging system
identifies a subset of portions of the second 1mage corre-
sponding the i1dentified estimated distance by iterating over
collected estimated distances to find matches. That i1s, the
stereo 1maging system may retrieve the estimated distance
corresponding to the first cluster of pixels, compare the
estimated distance corresponding to the first cluster of pixels
with the estimated distances 1n the second set of estimated

distances, and identily one or more estimated distances 1n
the second set of estimated distances that match the esti-
mated distance corresponding to the first cluster of pixels.

In some implementations, the stereo i1maging system
calculates, based on a location of the first cluster of pixels 1n
the first image and a location of the second cluster of pixels
in the second 1mage, a distance to a surface represented by
the first cluster and the second cluster. For example, the
stereo 1maging system may use a disparity value between the
two pixel clusters together with focal length, baseline, and
pixel size to calculate the distance to surface (1.e., depth of
the object).

In some implementations, the stereo imaging system
stores the 1dentified pixel clusters and their estimated dis-
tances 1n a data structure. That 1s, the stereo imaging system
stores, 1n a data structure, the distance and an identifier
associated with the cluster of pixels from the first 1image,
where the data structure maps distances to portions of a
particular image. In some implementations, the stereo 1mag-
ing system stores depth and/or distance maps. That 1s, the
stereo 1maging system 1dentifies a set of clusters of pixels
within the first 1image, store, 1n the data structure, a set of
distances and corresponding identifiers associated with the
set of distances, and generates a depth map based on data 1n
the data structure.

In some 1implementations, the stereo 1maging system uses
only on ToF sensor and calculates the distance to each object
from the point of view of each of the cameras using known
algebraic and geometric techniques.

The details of one or more implementations are set forth
in the accompanying drawings and the description below.
Other features and advantages will be apparent from the
description, the accompanying drawings, and the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s an example of a stereo imaging system 100 that
employs ToF sensing to match clusters of pixels in a first
image with clusters of pixels 1 a second 1mage.

FIG. 2 1s a block diagram that 1llustrates employing ToF
sensing to match clusters of pixels 1 a first 1image with
clusters of pixels 1 a second 1mage.

FIG. 3 1s a block diagram that illustrates actions for
mapping ToF points to pixels 1n an 1mage.

FIG. 4 1s a block diagram that illustrates actions for
identifying clusters of pixels in a second image with sub-
stantially similar estimated distances to the selected cluster
of pixels from a first image.
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FIG. 5 1llustrates an image divided into portions corre-
sponding to ToF points mapped to pixels of an 1mage.

FIG. 6 illustrates an electronic device that may include a
front-mounted stereo 1maging system.

FIG. 7 illustrates an electronic device that may include a
back-mounted stereo 1maging system.

FIG. 8 1s another example of a stereo 1imaging system 100
that employs ToF sensing to match clusters of pixels 1n a first
image with clusters of pixels 1n a second image.

FIG. 9 1s block diagram that employs ToF sensing to
match clusters of pixels in a first image with clusters of
pixels 1 a second 1mage.

FIG. 10 1s another block diagram that illustrates actions
for matching a cluster of pixels of a surface 1n a first image
to a cluster of pixels of the same surface 1n the second.

DETAILED DESCRIPTION

As shown 1n FIG. 1, an apparatus 110 includes an opto-
clectronic module 112 that includes two i1mage capture
device (e.g., lens/sensor combinations) 114A, 114B, and a
Time-of-Flight (“ToF”) sensor 116. The apparatus 110 1is
arranged to 1dentily corresponding pixel clusters 1n images
from the two stereo 1mage capture devices. This 1dentifica-
tion can be used to generate a disparity map, and 1n some
implementations a depth map, based on 1images of a scene
122 captured by the cameras 114A, 114B with ToF sensors
116 using distance measurements to supplement the genera-
tion processes. In some implementations, apparatus 110 may
display the disparity map, for example, on the display
device. Diflerent depths (or ranges of depth) represented by
the disparity map can be displayed on the screen of the
computing device, for example, as different colors or using
other visual indicators.

In general, the cameras 114A, 114B are arranged to
capture stereo 1mage data of the scene 122 (from slightly
different vantage points), and the ToF sensor 116 to be used
in calculating estimated distance data from scene 122. The
cameras 114A and 114B can be implemented, for example,
as CMOS or CCD i1mage sensors.

In some 1mplementations, module 110 also may include
an associated illumination source 118 arranged to project a
pattern of 1llumination onto the scene 122. When present, the
illumination source 118 can include, for example, an inira-
red (IR) projector operable to project a pattern (e.g., of dots
or lines) onto objects 1n the scene 122. The i1llumination
source 118 can be implemented, for example, as a light
emitting diode (LED), an infra-red (IR) LED, an organic
LED (OLED), an imfra-red (IR) laser or a vertical cavity
surface emitting laser (VCSEL).

Apparatus 110 may also include memory 134, which can
store the 1mages acquired by the cameras 114A, 114B, and
data acquired by ToF sensor 116. For example, as 1llustrated
in FIG. 1, the memory 134 can store a disparity map 146
and/or a depth map 148. In some implementations a dispar-
ity map and a depth map may be combined and stored in the
memory 134.

The apparatus 110 further may include control circuitry
150 which can include one or more processors (e.g., an
application specific integrated circuit (ASIC) or a field
programmable gate array (FPGA)). FIG. 1 illustrates
memory 134 and control circuitry 150 as being separate
from the module 112, however, 1n some implementations
they may be integrated as part of the module 112. For
example, those components may be implemented as one or
more mtegrated circuit chips mounted on a printed circuit
board (PCB) within the module 112, along with the image
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capture devices 114A, 114B, and ToF sensor 116. In some
implementations, the i1llumination source 118 (if present)
may be separate from the module 112 that houses the image
capture devices 114A, 114B, and Tof sensor 116. Further,
module 112 may also include other processing and control
circuitry. Such circuitry also can be implemented, for
example, 1n one or more 1ntegrated circuit chips mounted on
the same PCB as the image capture devices.

FIG. 2 1s a block diagram that illustrates actions for
matching a cluster of pixels of a surface 1n a first image to
a cluster of pixels of the same surface in the second 1mage.
In block 202, control circuitry (e.g., control circuitry 150)
determines, using the echoes of signals from the ToF sensor,
a plurality of estimated distances for a plurality of portions
of the scene. The control circuitry may retrieve ToF data
from memory 134. ToF data may have been stored in
memory 134 by ToF sensor 116.

As discussed above, a ToF system may be used for
determining estimated distances. Generally ToF systems
calculate distances to objects 1n a scene (e.g., scene 122). A
scene 1s 1lluminated from an 1illumination source (e.g.,
illumination source 118). For instance, 1llumination source
118 can be infrared (IR) light, a laser or another suitable
illumination source. Some of the light i1s reflected by an
object 1n the scene. The retlected light 1s detected by the ToF
sensors (e.g., ToF sensor 116).

Each pixel of the ToF sensor 1s capable of recerving a light
signal. The control circuitry i1s configured to regulate the
timing of the illumination. The distance information from
the pixels, 1n combination with a 2-D 1image of the environ-
ment obtained by the ToF sensor, are stored in histogram
memory. The data from the memory (e.g., memory 134) 1s
used to calculate distance to an object in scene 122.

The distance information R for each pixel can be calcu-
lated, for example, as:

R=(c?ToF)/2,

where ¢ 1s the speed of light and ToF 1s the time of tlight,
which 1s the elapsed time between emission of light from the
illumination source (e.g., illumination source 118) and
detection of the reflected light by the ToF sensor (e.g., ToF
sensor 116).

In some examples, each demodulation pixel of the ToF
sensor 1s capable of demodulating the received light signal.
The control circuitry 1s configured to regulate the timing of
the ToF sensor. The phase values of all pixels of the ToF
sensor correspond to distance imformation R for a corre-
sponding point 1n the scene 122. The distance imnformation
from the pixels, in combination with a 2-D image of the
environment obtained by the ToF sensor, are stored in
memory (e.g., memory 134). The data from the memory
(e.g., memory 134) 1s used to calculate distance to an object
in scene 122.

The demodulation of the reflected light can deliver the
phase delay (P) between the emitted light and the reflected
light. The phase delay corresponds to the distance R as
follows:

R=(P?c)/(47_mod),

where fmod 1s the modulation frequency of the 1llumination
light, which can range from, ¢.g., a few MHz up to several
GHz.

To continue with the actions of FIG. 2, in block 204,
control circuitry (e.g., control circuitry 150) selects a {first
cluster of pixels from the first 1image. For example, the
control circuitry may store in memory (e.g., memory 134)
multiple pixel clusters detected in a first image (e.g., left
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image and/or right image). Those pixel clusters may be
identified using edge detection algorithms or other suitable
algorithms.

In block 206, control circuitry (e.g., control circuitry 150)
identifies, an estimated distance corresponding to the first
cluster of pixels. For example, the control circuitry may
store information about the location within the first image of
the first cluster of pixels. FIG. 3 illustrates an image where
cach ToF point (represented by a square) corresponds to
multiple pixels of an 1mage (e.g., the first image) and 1s
mapped to those pixels (or 1n some implementations stereo
points). In these instances, ToF sensors are of a smaller
resolution than 1mage capture device sensors. Therefore, as
illustrated 1n FIG. §, control circuitry may create a map that
maps points of a ToF sensor to corresponding stereo 1mage
capture device sensor points. In the example of FIG. 5, each
ToF sensor point corresponds to thirty-six points of a stereo
image capture device sensor.

In block 208, the control circuitry (e.g., control circuitry
150) calculates, based on the estimated distance correspond-
ing to the first cluster of pixels, a shift distance between the
first cluster of pixels 1n the first image and a corresponding
cluster of pixels 1 the second image. For example, the
control circuitry may retrieve a focal length of the first lens,
and a distance between a center of the first lens and a center
of the second lens and calculate the shift distance based on
the focal length of the first lens, the distance between the
center of the first lens and the center of the second lens, and
the estimated distance.

The shift distance may be calculated based on the fol-
lowing formula.

D=(b*f)%z

where D 1s the shift distance, b 1s the distance between the
centers of the first lens and the second lens and z 1s estimated
distance to the object represented by the cluster of pixels.

In block 210, the control circuitry (e.g., control circuitry
150) locates, within the second image, the corresponding
cluster of pixels based on the shift distance. For example, the
control circuitry may retrieve a size associated with the first
cluster of pixels. If the cluster of pixels 1s a regular shape
(e.g., a square), the control circuitry records the coordinates
within the first image corresponding to the shape. However,
in many cases, the cluster of pixels will be an irregular
shape. In those nstances, the control circuitry may store a
s1ze of a regular shape that encompasses the irregular cluster
of pixels (e.g., a square, rectangle, or a circle into which the
cluster of pixels can fit).

The control circuitry then generates, for the second 1image,
a search area based on the size of the first cluster of pixels
and the shift distance and identify, 1n the second image, a
second cluster of pixels corresponding to the first cluster of
pixels. For example, the control circuitry may select, in the
second 1mage, coordinates corresponding to the generated
area, but shifted by the shift distance. In some implemen-
tations, the area may be larger than the generated area (e.g.,
two, three or four times the generated area).

In some implementations, the control circuitry receives,
from the ToF sensor, data corresponding to a plurality of
echoes resulting from one or more light emissions from the
light source, where the light emissions are reflected by one
or more objects within the scene and location data of the
plurality of echoes, and determines based on the data, the
estimated distances and a location of each estimated dis-
tance. For example, the control circuitry may process the
ToF data and translate the signals into estimated distances
and ToF points relative to the coordinates of the scene.
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In some 1mplementations, the control circuitry maps the
plurality of estimated distances to coordinates within the
first 1image; and stores, 1n the memory (e.g., memory 134),
a data structure including the plurality of estimated distances
with corresponding coordinates. FIG. 3 illustrates a mapping
process for ToF points to a set of pixels. In block 302,
control circuitry (e.g., control circuitry 150) retrieves data
associated with a plurality of Time-of-Flight (*“ToF”") points,
the data including for each ToF point an estimated distance
and a location. For example, the control circuitry may
retrieve the data from memory 134. At 304, the control
circuitry (e.g., control circuitry 150 selects a previously
unselected ToF point of the plurality of ToF points. For
example, the control circuitry may iterate over each ToF
point and select previously unselected ToF points for pro-
cessing.

In block 306, the control circuitry (e.g., control circuitry
150) compares a location of the ToF point with a plurality of
locations within a data structure mapping Tof points to
pixels of the first image. For example, the control circuitry
may iterate through a data structure that list all ToF points
and corresponding pixels of a first image (or any 1mage with
the resolution that 1s the same as the resolution of the first
imaging sensor and/or the second 1maging sensor). In block
308, the control circuitry (e.g., control circuitry 150) deter-
mines 1f the selected ToF point matches a location from the
data structure. For example, the control circuitry may 1den-
tify a matching location. If the control circuitry determines
that there 1s no matching location, process 300 moves to 312.
However, 1t the control circuitry determines that the ToF
point matches a location, process 300 moves to block 310.

In block 310, the control circuitry (e.g., control circuitry
150) stores an estimated distance associated with the
selected ToF point with the plurality of pixels of the first
image associated with the matching location. For example,
the control circuitry may generate a data structure for the
first image, where every pixel can be associated with a ToF
point and store the estimated distance associated with the
selected ToF point with the corresponding pixel identifiers
for the matching pixels.

In block 312, the control circuitry (e.g., control circuitry
150) determines whether there are more unselected ToF
points. If the control circuitry determines that there more
unselected ToF points, process 300 moves to block 304,
where another previously unselected ToF point 1s selected. IT
the control circuitry determines that there are no more
unselected ToF points, process 300 moves to 312 and ends.

In some implementations, the control circuitry identifies,
in the plurality of estimated distances, the estimated distance
corresponding to the first cluster of pixels by retrieving a set
ol coordinates within the first image, the set of coordinates
corresponding to the first cluster of pixels, and 1dentitying,
in a data structure, a distance corresponding to the set of
coordinates. For example, the control circuitry may retrieve
horizontal coordinate and vertical coordinate of a pixel
within the first cluster of pixels. The control circuitry may
iterate through the data structure to find a ToF point asso-
ciated with the coordinate and then the estimated distance
associated with the ToF point. In some implementations, the
control circuitry generates a depth map based on the data 1in
the data structure.

Referring to FIG. 6, 1n some examples, a stereo imaging,
system 650 employing ToF sensor and cameras such as those
described 1n relation to FIG. 1 can be mounted on or
incorporated into a front side of a mobile computing device
652, such as a mobile phone, a smartphone, a tablet, or a
wearable computing device. The front side of the mobile
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device 6352 i1s the side of the device that includes a screen
655. The depth map and/or disparity map described above
can be displayed on screen 655. Stereo 1imaging system 650
may be a front-side 1maging system that includes an 1illu-
mination device 654 (which may include 1llumination source
118 and ToF sensor 116) and imaging components including
a camera 636 and camera 658. The stereo 1maging system
650 may be used to capture an 1mage of scene 660 including
a person against a white wall. The front side distance
measuring system 650 may be used for various applications
which need to have an accurate disparity map or depth map
(e.g., photography, virtual reality, augmented reality, and
other suitable applications).

As shown 1n FIG. 7, 1n some examples, a stereo imaging
system 770 employing ToF sensors such as those described
in relation to FIG. 1 may be mounted on a back side of a
mobile computing device 772. The back side 1s the side of
the device opposite the front side (e.g., the side that does not
include a display screen). The stereo 1maging system 770
may be a back-side imaging system that includes an 1llumi-
nation device 774 (which may include i1llumination source
118 and ToF sensor 116) and imaging components including,
a camera 776 and camera 778. The back-side stereo imaging
system may be used for various applications which need to
have an accurate disparity map or depth map (e.g., photog-
raphy, virtual reality, augmented reality, and other suitable
applications).

As shown m FIG. 8, an apparatus 810 includes an
optoelectronic module 812 that includes two (or more) depth
channels, each of which has a respective image capture
device (e.g., camera) 814A, 814B, and a Time-of-Flight
(““ToF”) sensors 816. The apparatus 810 1s arranged to
generate a disparity map, and 1n some 1mplementations a
depth map, based on 1images of a scene 822 captured by the
cameras 814A, 8148 with ToF sensors 816 using distance
measurements to supplement the generation processes. In
some 1mplementations, apparatus 810 may display the dis-
parity map, for example, on the display device. Diflerent
depths (or ranges of depth) represented by the disparity map
can be displayed on the screen of the computing device, for
example, as different colors or using other visual indicators.

In general, the cameras 814A, 814B are arranged to
capture stereo 1mage data of the scene 822 (from slightly
different vantage points), and the ToF sensors 816 are
arranged to capture respective estimated distance data from
scene 822. The cameras 814A and 814B can be imple-
mented, for example, as CMOS or CCD 1mage sensors.

In some implementations, the module 810 also may
include an associated illumination source 818 arranged to
project a pattern ol 1llumination onto the scene 822. When
present, the illumination source 818 can include, {for
example, an infra-red (IR) projector operable to project a
pattern (e.g., of dots or lines) onto objects 1n the scene 822.
The illumination source 818 can be implemented, for
example, as a light emitting diode (LED), an infra-red (IR)
LED, an organic LED (OLED), an infra-red (IR) laser or a
vertical cavity surface emitting laser (VCSEL).

Apparatus 810 may also include memory 834, which can
store the 1mages acquired by the cameras 814A, 8148, and
data acquired by ToF sensors 816. For example, as 1llus-
trated 1n FIG. 8, the memory 834 can store a disparity map
846 and/or a depth map 148. In some 1mplementations a
disparity map and a depth map may be combined and stored
in the memory 834.

The apparatus 810 further may include control circuitry
850 which can include one or more processors (e.g., an
application specific integrated circuit (ASIC) or a field
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programmable gate array (FPGA)). FIG. 8 illustrates
memory 834 and control circuitry 150 as being separate
from the module 812, however, in some implementations
they may be integrated as part of the module 812. For
example, those components may be implemented as one or
more integrated circuit chips mounted on a printed circuit
board (PCB) within the module 812, along with the image
capture devices 814A, 8148, and ToF sensors 816. In some
implementations, the i1llumination source 818 (if present)
may be separate from the module 812 that houses the image
capture devices 814A, 8148, and Tof sensors 816. Further,
module 812 may also include other processing and control
circuitry. Such circuitry also can be implemented, for
example, 1n one or more integrated circuit chips mounted on
the same PCB as the image capture devices.

As described 1 this application control circuitry may be
configured to perform action described in this disclosure.
FIG. 9 1s a block diagram that 1llustrates actions for match-
ing a cluster of pixels of a surface 1n a first image with a
cluster of pixels of the same surface in the second. In block
902, control circuitry (e.g., control circuity 150 or control
circuitry 850) determines, using signals from the first ToF
sensor (e.g., ToF sensor 816 coupled to a first stereo 1mage
capture device as shown 1n FIG. 8), a first set of estimated
distances for portions of the first image, and using signals
from the second ToF sensor (e.g., ToF sensor 816 coupled
with a second stereo 1mage capture device as shown 1n FIG.
8), a second set of estimated distances for portions of the
second 1mage. In some embodiments, as described 1n FIG.
1, only one ToF sensor may be utilized, and be calibrated to
work with both the first camera and the second camera.

In some 1mplementations, the first stereo 1mage capture
device and the second stereo i1mage capture device are
calibrated to be at the same height and are actuated simul-
taneously to capture the first image, the second 1mage, and
the ToF 1mages. It the stereo 1image capture devices are not
at the same height, the images may be rectified to adjust for
the difference.

To continue with the actions of FIG. 9, 1n block 904,
control circuitry (e.g., control circuitry 150) selects a first
cluster of pixels from the first 1mage. For example, the
control circuitry may store in memory (e.g., memory 134 or
memory 834) multiple pixel clusters detected 1n a first image
(c.g., left 1image and/or right image). Those pixel clusters
may be identified using edge detection algorithms or other
suitable algorithms.

In block 906, control circuitry (e.g., control circuitry 150
or control circuitry 850) i1dentifies, 1n the first set of esti-
mated distances, an estimated distance corresponding to the
first cluster of pixels. For example, the control circuitry may
store information about the location within the first image of
the first cluster of pixels. FIG. 5 1llustrates an 1image divided
into portions corresponding to the pixels of a ToF sensor and
mapped to points associated with a stereo 1mage capture
device (e.g., first stereo capture device or second stereo
capture device of FIG. 1 or FIG. 8). In some 1nstances, ToF
sensors are of a smaller resolution than 1image capture device
sensors. Therefore, as illustrated 1n FIG. 5, control circuitry
may create a map that maps points of a ToF sensor to
corresponding stereo 1mage capture device sensor points. In
the example of FIG. 5, each ToF sensor point corresponds to
thirty-six points of a stereo 1mage capture device sensor.

In block 908, control circuitry (e.g., control circuitry 150
or control circuitry 850) 1dentifies, based on the second set
of estimated distances, a subset of portions of the second
image corresponding the identified estimated distance. In
some 1mplementations the control circuitry iterates through
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cach portion of the second image as captured by a ToF
sensor to i1dentify the matching distances. As illustrated 1n
FIG. 5, ToF points may represent specific areas ol a scene
and be stored i a data structure. Each entry in the data
structure may 1include corresponding points (or pixels)
within the image as captured by a stereo 1mage capture
device.

FIG. 4 1s a block diagram that illustrates actions for
identifying clusters of pixels 1n a second 1mage with sub-
stantially similar estimated distances to the selected cluster
of pixels from a first 1mage. In block 402, control circuitry
(e.g., control circuitry 150 or control circuitry 850) retrieves
a first set of clusters of pixels 1dentified 1n a first image and
a first set of corresponding estimated distances, and a second
set of estimated distances corresponding to portions of a
second 1mage. For example, as discussed above, an 1dentifier
may be stored 1n a data structure for each cluster of pixels.
Together with the identifier an estimated distance for the
cluster of pixels may be stored. That estimated distance may
have been derived from mapping the cluster of pixels onto
one or more points of a ToF sensor. For example, light 502
may be associated with two or more ToF points which 1n turn
are associated with 36 or more points of a stereo i1mage
capture device. The control circuitry may retrieve that
information.

In block 404, the control circuitry (e.g., control circuitry
150 or control circuitry 850) selects a previously unselected
cluster of pixels from the first set of clusters of pixels. For
example, the control circuitry may iterate through each
cluster of pixels of the first image to match a cluster of pixels
in the second image.

In block 406, the control circuitry (e.g., control circuitry
150 or control circuitry 850) compares an estimated distance
associated with the selected cluster of pixels with each of a
set of estimated distances associated with the portions. For
example, the control circuitry may execute a loop comparing
the estimated distance of the selected cluster of pixels to
distances associated with the set of clusters of pixels from
the second 1mage.

In block 408, the control circuitry (e.g., control circuitry
150 or control circuitry 850) determines whether the esti-
mated distance associated with the selected cluster of pixels
matches any of the set of estimated distances associated with
the portions. If no estimated distances match, the control
circuitry determines that the cluster of pixels either does not
exist or an error has occurred 1n the process. At that point,
process 400 moves to block 412 and continues. In some
implementations, the clusters of pixels that did not match
may be stored 1n memory, and other techniques may be used
to determine whether the cluster of pixels can be matched or
does not exist 1n the second 1mage of the pair.

If the estimated distance associated with the selected
cluster of pixels matches one or more of the set of estimated
distances associated with the portions, process 400 moves to
block 410. That 1s, 1f the distance associated with the cluster
of pixels matches at least one distance 1n the second 1mage,
process 400 continues. In block 410, the control circuitry
(e.g., control circuitry 150 or control circuitry 850) adds one
or more portions with matching estimated distances to a set
of portions to perform pixel cluster matching for the selected
cluster of pixels. For example, ToF points for the matching
distances may be stored 1n memory (e.g., memory 134 or
memory 834).

In block 412, the control circuitry (e.g., control circuitry
150) determines whether all pixel cluster have been previ-
ously selected (1.e., 1iterated through). It all pixels previously
have been selected, process 400 ends 1n block 414. If more
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unselected clusters of pixels exist, process 400 moves to
block 404 where another previously unselected cluster of
pixels 1s selected for processing.

To continue with FIG. 9, in block 910, the control
circuitry (e.g., control circuitry 150) identifies, within the
subset, a second cluster of pixels from the second 1mage that
matches the first cluster of pixels from the first image. The
control circuitry may use known techniques (e.g., image
matching or pixel matching) to identity the matching cluster
of pixels 1n the second 1mage.

In some 1implementations when determining the first set of
estimated distances, the control circuitry divides the first
image into portions. For example, as 1llustrated in FIG. §, the
first image may be divided into portions that are associated
with a corresponding ToF point. The control circuitry
receives, with the first ToF sensor, a first set of echoes
resulting from one or more light emissions from the light
source, where the light emissions are reflected by one or
more objects within the portions of the first image. Based on
the echoes, the control circuitry may build a histogram of
cach pixel/ToF point and determine, based on the set of
echoes, the first set of estimated distances for the portions of
the first image. For example, light collected by each pixel of
the ToF sensor can be converted into an estimated distance
and stored 1 memory (e.g., memory 134) creating the first
set of estimated distances.

In some 1implementations, the control circuitry calculates,
based on a location of the first cluster of pixels 1n the first
image and a location of the second cluster of pixels in the
second 1mage, a distance to a surface represented by the first
cluster and the second cluster. The control circuitry may use
known techniques to perform the calculation.

In some 1mplementations, the control circuitry 1s further
configured store, in a data structure, the distance and an
identifier associated with the cluster of pixels from the first
image, where the data structure maps distances to portions
ol a particular image. As 1llustrated in FIG. 5, the control
circuitry may map points or pixels of the ToF sensor to
points or pixels of a stereo capture device. In some 1mple-
mentations, the control circuitry generates a depth map
based on data in the data structure.

FIG. 10 1s another block diagram that illustrates actions
for matching a cluster of pixels of a surface 1n a first image
to a cluster of pixels of the same surface 1n the second. This
process 1s especially usetul in mstances where 1t would be
challenging to match pixel clusters due to lack of texture 1n
the stereoscopic pair of images. In block 1002, control
circuitry (e.g., control circuitry 150 or control circuitry 850)
determines, using signals from the first ToF sensor (e.g., ToF
sensor 816 coupled with a first stereo 1image capture device
as shown 1n FIG. 8), a first set of estimated distances for
portions of the first image, and using signals from the second
ToF sensor (e.g., ToF sensor 816 coupled with a second
stereo 1mage capture device as shown 1n FIG. 8), a second
set of estimated distances for portions of the second image.
In some implementations, only one ToF sensor (as illustrated
in FIG. 1) may be used. The ToF sensor may be calibrated
to generate ToF points for the scene.

In block 1004, the control circuitry (e.g., control circuitry
150 or control circuitry 850) selects a first cluster of pixels
from the first image. For example, the control circuitry may
store 1n memory (e.g., memory 134 or memory 834) mul-
tiple pixel clusters detected 1n a first image (e.g., left image
and/or right 1mage). Those pixel clusters may be 1dentified
using edge detection algorithms or other suitable algorithms.

In block 1006, the control circuitry (e.g., control circuitry
150 or control circuitry 850) searches, 1n the second image,
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for pixels that match the selected first cluster of pixels. For
example, the control circuitry may use pixel matching or
image matching techniques to 1identity matching clusters of
pixels. In block 1008, the control circuitry (e.g., control
circuitry 150 or control circuitry 850) determines whether
the first cluster of pixels matches multiple clusters of pixels
in the second 1mage. If the control circuitry determines that
the first cluster of pixels does not match multiple cluster of
pixels i the second image, process 1000 moves to 1010,
where the control circuitry stores (e.g., in memory 134 or
memory 834) the matching cluster of pixels from the second
image. At this point, process 1000 ends.

If the control circuitry determines that the first cluster of
pixels matches multiple cluster of pixels in the second
image, process 1000 moves to block 1012, where the control
circuitry selects, from the first set of estimated distances, an
estimated distance corresponding to the first cluster of
pixels. For example, the control circuitry may retrieve the
estimated distance from a data structure stored 1n memory
(e.g., memory 134 or memory 834). The estimated distance
may be stored 1n a table and may be associated 1n that table
with the first cluster of pixels.

In block 1014, the control circuitry (e.g., control circuitry
150 or control circuitry 850) identifies, based on the second
set of estimated distances, a subset of portions of the second
image corresponding the identified estimated distance. For
example, the control circuitry may iterate through each
estimated distance (e.g., as 1llustrated in ToF points of FIG.
5) and 1dentily a subset that matches the estimated distance
of the selected cluster of pixels.

In block 1016, the control circuitry identifies, within the
subset, a second cluster of pixels from the second image that
matches the first cluster of pixels from the first image. For
example, the control circuitry may compare cluster of pixels
that correspond to the subset of portions of the second 1image
to the cluster of pixels that were found based on the search
and determine which of the clusters of pixels match.

In some 1mplementations, a direct ToF system may be
used 1n determining pluralities of estimated distances as
discussed 1n FIG. 10. In some implementations, the control
circuitry 1dentifies a subset of portions of the second 1image
corresponding the 1dentified estimated distance by taking the
following actions. The control circuitry retrieves the esti-
mated distance corresponding to the first cluster of pixels.
For example, the control circuitry may retrieve the first
cluster of pixels (including an identifier of the first cluster of
pixels and estimated distance data) from memory (e.g.,
memory 134 or memory 834). The control circuitry also may
retrieve estimated distances of the second set of estimated
distances (i1.e., distances from the second image). For
example, as 1llustrated in FIG. 5 the control circuitry may
retrieve ToF points. ToF points may be distances for specific
ToF pixels.

The control circuitry may compare the estimated distance
corresponding to the first cluster of pixels with the estimated
distances 1n the second set of estimated distances, and
identily one or more estimated distances 1n the second set of
estimated distances that match the estimated distance cor-
responding to the first cluster of pixels. For example, the
control circuitry may compare distances and may determine
that distances within a specific percentage (e.g., with five
percent, ten percent, or another suitable percentage) are
matching distances.

In some 1implementations, the control circuitry calculates,
based on a location of the first cluster of pixels in the first
image and a location of the second cluster of pixels in the



US 11,391,843 B2

17

second 1mage, a distance to a surface represented by the first
cluster and the second cluster. Known techniques may be
used for this calculation.

In some 1mplementations, the control circuitry stores, 1n a
data structure, the distance and an 1dentifier associated with
the cluster of pixels from the first image 1n a data structure,
where the data structure maps distances to portions of a
particular image. The data structure may be generated based
on the ToF points of FIG. 5. For example, each ToF point
may be a node in the data structure with corresponding
points/pixels on the captured image. Based on the map for
a set of clusters of pixels 1 the first image with matching
clusters of pixels 1n the second 1mage, the control circuitry
generates a depth map and/or a disparity map.

Various aspects of the subject matter and the functional
operations described 1n this disclosure can be implemented
in digital electronic circuitry, or 1n software, firmware, or
hardware, including the structures disclosed 1n this specifi-
cation and their structural equivalents, or in combinations of
one or more of them. In addition, aspects of the subject
matter described 1n this disclosure can be implemented as
one or more computer program products, 1.e., one or more
modules of computer program instructions encoded on a
computer readable medium for execution by, or to control
the operation of, data processing apparatus. The computer
readable medium can be a machine-readable storage device,
a machine-readable storage substrate, a memory device, a
composition of matter effecting a machine-readable propa-
gated signal, or a combination of one or more of them. The
apparatus can include, in addition to hardware, code that
creates an execution environment for the computer program
in question, €.g., code that constitutes processor firmware.

A computer program (also known as a program, software,
soltware application, script, or code) can be written 1n any
form of programming language, including compiled or
interpreted languages, and 1t can be deployed in any form,
including as a stand-alone program or as a module, compo-
nent, subroutine, or other unit suitable for use 1n a computing,
environment. A computer program does not necessarily
correspond to a file 1n a file system. A program can be stored
in a portion of a file that holds other programs or data (e.g.,
one or more scripts stored 1n a markup language document),
in a single file dedicated to the program in question, or 1n
multiple coordinated files (e.g., files that store one or more
modules, sub programs, or portions of code). A computer
program can be deployed to be executed on one computer or
on multiple computers that are located at one site or dis-
tributed across multiple sites and interconnected by a com-
munication.

The processes and logic flows described in this specifi-
cation can be performed by one or more programmable
processors executing one or more computer programs to
perform functions by operating on input data and generating,
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated
circuit).

Processors suitable for the execution of a computer pro-
gram 1nclude, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive istructions and data from a read only memory or a
random access memory or both. The essential elements of a
computer are a processor for performing instructions and
one or more memory devices for storing instructions and
data. Computer readable media suitable for storing computer
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program 1nstructions and data include all forms of non
volatile memory, media and memory devices, including by
way ol example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks; magneto
optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or
incorporated 1n, special purpose logic circuitry.

While this specification contains many specifics, these
should not be construed as limitations on the scope of the
invention or of what may be claimed, but rather as descrip-
tions of features specific to particular embodiments of the
invention. Certain features that are described 1n this speci-
fication 1n the context of separate embodiments can also be
implemented 1n combination 1n a single embodiment. Con-
versely, various features that are described 1n the context of
a single embodiment can also be implemented 1n multiple
embodiments separately or in any suitable sub-combination.
Moreover, although features may be described above as

acting in certain combinations and even 1nitially claimed as
such, one or more features from a claimed combination can
in some cases be excised from the combination, and the
claimed combination may be directed to a sub-combination
or variation of a sub-combination.

Similarly, while operations are depicted 1n the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or 1n sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain cir-
cumstances, multi-tasking and parallel processing may be
advantageous.

A number of embodiments have been described. Never-
theless, 1t will be understood that various modifications may
be made without departing from the spirit and scope of the
invention. For example, some of the steps described above
may be order mndependent, and thus can be performed 1n an
order different from that described above.

Accordingly, other implementations are within the scope
of the claims.

The mvention claimed 1s:

1. An apparatus comprising:

a first camera coupled to a first Time-of-Flight (*“ToF™)

sensor and operable to capture a first image;

a second camera coupled to a second ToF sensor and

operable to capture a second 1mage; and

control circuitry coupled to the first camera and the

second camera, the control circuitry configured to:

determine, using signals from the first ToF sensor, a
first plurality of estimated distances for a plurality of
portions of the first image, and using signals from the
second ToF sensor, a second plurality of estimated
distances for a plurality of portions of the second
1mage;

select a first cluster of pixels from the first image;

identify, in the first plurality of estimated distances, an
estimated distance corresponding to the first cluster
ol pixels;

identily, based on the second plurality of estimated
distances, a subset of portions of the second 1mage
corresponding the identified estimated distance; and

identify, within the subset, a second cluster of pixels
from the second 1mage that matches the first cluster
of pixels from the first image.

2. The apparatus of claim 1 further comprising a light
source and a memory, wherein the control circuitry 1s
configured to determine the first plurality of estimated
distances by:
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dividing the first image 1nto the plurality of portions;

receiving, with the first ToF sensor, a first plurality of

echoes resulting from one or more light emissions from
the light source, wherein the light emissions are
reflected by one or more objects within the plurality of
portions of the first image;

determining, based on the plurality of echoes, the first

plurality of estimated distances for the plurality of
portions of the first image; and

storing the first plurality of estimated distances in the

memory.

3. The apparatus of claim 1, wherein the control circuitry
1s configured to identily a subset of portions of the second
image corresponding the identified estimated distance by:

retrieving the estimated distance corresponding to the first

cluster of pixels;
comparing the estimated distance corresponding to the
first cluster of pixels with the estimated distances 1n the
second plurality of estimated distances; and

identifying one or more estimated distances in the second
plurality of estimated distances that match the esti-
mated distance corresponding to the first cluster of
pixels; and

retrieving one or more portions associated with the one or

more estimated distances.

4. The apparatus of claim 1, wherein the control circuitry
1s Turther configured to calculate, based on a location of the
first cluster of pixels 1n the first image and a location of the
second cluster of pixels 1n the second 1mage, a distance to a
surface represented by the first cluster and the second
cluster.

5. The apparatus of claim 4, wherein the control circuitry
1s further configured store, 1n a data structure, the distance
and an 1dentifier associated with the cluster of pixels from
the first image, wherein the data structure maps distances to
portions ol a particular 1mage.

6. The apparatus of claim 1, wherein the control circuitry
1s further configured to:

identify a plurality of clusters of pixels within the first

1mage;

store, 1n a data structure, a plurality of distances and

corresponding identifiers associated with the plurality
of distances; and

generate a depth map based on data in the data structure.

7. A method comprising:

determining, using signals from a first ToF sensor, a first

plurality of estimated distances for a plurality of por-
tions of a first image captured by a first camera coupled
to the first ToF sensor;

determining, using signals from a second ToF sensor, a

second plurality of estimated distances for a plurality of
portions of a second image captured by a second
camera coupled to the second ToF sensor;

selecting a first cluster of pixels from the first image;

identifying, in the first plurality of estimated distances, an

estimated distance corresponding to the first cluster of
pixels;
identifying, based on the second plurality of estimated
distances, a subset of portions of the second image
corresponding the identified estimated distance; and

identifying, within the subset, a second cluster of pixels
from the second 1mage that matches the first cluster of
pixels from the first 1mage.

8. The method of claim 7 further comprising;:

dividing the first 1mage into the plurality of portions;

receiving, with the first ToF sensor, a first plurality of

echoes resulting from one or more light emissions from
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a light source, wherein the light emissions are reflected
by one or more objects within the plurality of portions
of the first 1image;

determiming, based on the plurality of echoes, the first
plurality of estimated distances for the plurality of
portions of the first 1mage; and

storing the first plurality of estimated distances in
memory.

9. The method of claim 7, wherein 1dentifying a subset of

10 portions ol the second 1mage corresponding the identified
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estimated distance comprises:
retrieving the estimated distance corresponding to the first
cluster of pixels;
comparing the estimated distance corresponding to the
first cluster of pixels with the estimated distances in the
second plurality of estimated distances; and
1dentiiying one or more estimated distances 1n the second
plurality of estimated distances that match the esti-
mated distance corresponding to the first cluster of
pixels; and
retrieving one or more portions associated with the one or
more estimated distances.
10. The method of claim 7, further comprising calculat-
ing, based on a location of the first cluster of pixels in the
first image and a location of the second cluster of pixels 1n
the second 1mage, a distance to a surface represented by the
first cluster and the second cluster.
11. The method claim 10, further comprising storing, in a
data structure, the distance and an identifier associated with
the cluster of pixels from the first image, wherein the data
structure maps distances to portions of a particular image.
12. The method of claim 7, further comprising:
identifying a plurality of clusters of pixels within the first
1mage;
storing, 1n a data structure, a plurality of distances and
corresponding 1dentifiers associated with the plurality
of distances; and
generating a depth map based on data in the data structure.
13. An apparatus comprising:
a first lens coupled to a first imaging sensor operable to
capture a first 1mage of a scene from a first point of
VIEW;
a second lens coupled to a second 1maging sensor oper-
able to capture a second i1mage of the scene from a
second point of view;
a time-of-tlight (*“ToF”") sensor operable to capture echoes
of signals; and
control circuitry coupled to the first imaging sensor, the
second 1maging sensor and the ToF sensor, the control
circuitry configured to:
determine, using the echoes of signals from the ToF
sensor, a plurality of estimated distances for a plu-
rality of portions of the scene;

select a first cluster of pixels from the first image;

identily, in the plurality of estimated distances, an
estimated distance corresponding to the first cluster
ol pixels;

calculate, based on the estimated distance correspond-
ing to the first cluster of pixels, a shift distance
between the first cluster of pixels in the first image
and a corresponding cluster of pixels in the second
image; and

locate, within the second image, the corresponding
cluster of pixels based on the shift distance.

14. The apparatus of claim 13, wherein the control cir-
cuitry 1s configured to determine the plurality of estimated
distances by:
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receiving, from the ToF sensor, data corresponding to a
plurality of echoes resulting from one or more light
emissions from the light source, wherein the light
emissions are reflected by one or more objects within
the scene and location data of the plurality of echoes;

determining based on the data, the plurality of estimated
distances and a location of each estimated distance;

mapping the plurality of estimated distances to coordi-
nates within the first image; and

storing, 1 the memory, a data structure including the
plurality of estimated distances with corresponding
coordinates.

15. The apparatus of claim 14, wherein the control cir-
cuitry 1s configured to identify, 1n the plurality of estimated
distances, the estimated distance corresponding to the first
cluster of pixels by:

retrieving a set of coordinates within the first image, the
set of coordinates corresponding to the first cluster of
pixels; and

identifying, 1n the data structure, a distance corresponding,
to the set of coordinates.

16. A method comprising:

determining, using the echoes of signals from a ToF
sensor, a plurality of estimated distances for a plurality
of portions of the scene;

selecting a first cluster of pixels from a first image
captured from the first pomnt of view by the first
1maging sensor;

identifying, in the plurality of estimated distances, an
estimated distance corresponding to the first cluster of
pixels;

calculating, based on the estimated distance correspond-
ing to the first cluster of pixels, a shift distance between
the first cluster of pixels in the first 1mage and a
corresponding cluster of pixels in a second 1mage that
was captured from the second point of view by the
second 1maging sensor; and

locate, within the second 1mage, the corresponding cluster
of pixels based on the shift distance.

17. The method of claim 16 wherein determining the

plurality of estimated distances comprises:
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receiving, from the ToF sensor, data corresponding to a
plurality of echoes resulting from one or more light
emissions from the light source, wherein the light
emissions are reflected by one or more objects within
the scene and location data of the plurality of echoes;

determining based on the data, the plurality of estimated
distances and a location of each estimated distance;

mapping the plurality of estimated distances to coordi-
nates within the first image; and

storing, in the memory, a data structure including the
plurality of estimated distances with corresponding
coordinates.

18. The method of claim 17, wherein 1dentifying, 1n the
plurality of estimated distances, the estimated distance cor-
responding to the first cluster of pixels comprises:

retrieving a set ol coordinates within the first image, the
set of coordinates corresponding to the first cluster of
pixels; and

identifying, 1n the data structure, a distance corresponding,
to the set of coordinates.

19. The method of claim 16, wherein calculating the shift
distance between the first cluster of pixels 1n the first image
and the corresponding cluster of pixels 1n the second 1image
COmMprises:

retrieving a focal length of the first lens, and a distance
between a center of the first lens and a center of the
second lens; and

calculating the shift distance based on the focal length of
the first lens, the distance between the center of the first
lens and the center of the second lens, and the estimated
distance.

20. The method of claim 16, wherein locating, within the
second 1mage, the corresponding cluster of pixels based on
the shift distance comprises:

retrieving a size associated with the first cluster of pixels;

generating, for the second 1mage, a search area based on
the size of the first cluster of pixels and the shift
distance; and

identifying, 1in the second image, a second cluster of
pixels corresponding to the first cluster of pixels.
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